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MinireviewTails of Intrigue: Phosphorylation
of RNA Polymerase II
Mediates Histone Methylation
different outcomes. Recently, several groups demon-
strated that the yeast Set1 and Set2 enzyme complexes
that mediate histone lysine methylation functionally in-
teract with RNA polymerase II (RNAP II). These reports
collectively demonstrate that Set1-mediated tri-methyl-
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ation of H3-K4 appears to be a mark denoting an earlyPiscataway, New Jersey 08854
phase of elongation (Ng et al., 2003), whereas Set2-
mediated methylation of H3-K36 marks subsequent
stages of elongation (Krogan et al., 2003b). How is it
that presumably stable histone modifications are in-Histone lysine methylation plays a key role in the orga-
volved with the dynamic process of RNAP II transcrip-nization of chromatin structure and the regulation of
tion? These studies of Set1 and Set2 might shed lightgene expression. Recent studies demonstrated that
not only on how actively transcribed chromatin isthe yeast Set1 and Set2 histone methyltransferases
marked, but also on the nature of the RNAP II complexare recruited to mRNA coding regions by the PAF tran-
at various stages of transcription.scription elongation complex in a manner dependent
The RNAP II transcription elongation complex, onceupon the phosphorylation state of the carboxy-termi-
thought to be composed simply of template DNA, RNAPnal domain of RNA polymerase II. These studies define
II, and its nascent RNA transcript, is emerging as anan unexpected link between transcription elongation
entity as complicated as the transcription initiation com-and histone methylation.
plex (Orphanides and Reinberg, 2002). The establish-
ment of a mature elongation complex involves the suc-In eukaryotic cells, genes form complexes with core
cessive recruitment of stage-specific factors that ishistones and other chromosomal proteins to generate
coordinated by phosphorylation of the carboxy-terminalchromatin. The basic repeating unit of chromatin, the
domain (CTD) of the largest subunit of RNAP II (Or-nucleosome, includes two copies of the four core his-
phanides and Reinberg, 2002). The CTD is composedtones, H2A, H2B, H3, and H4, wrapped by 146 base
of a heptapeptide (YSPTSPS) repeat whose length cor-pairs (bp) of DNA. Recent studies have revealed that,
relates with genome complexity: the CTD is reiteratedbeyond the packaging of DNA, chromatin plays a pivotal
26 times in yeast, 43 times in Drosophila and 52 timesrole in the regulation of gene expression. This important
in mammals. Phosphorylation of two residues within thefunction involves two classes of chromatin modifiers.
CTD, serine-2 and -5, coordinate the recruitment of RNAOne reorganizes chromatin in an ATP-dependent man-
processing factors, including the 5 capping complex,ner, whereas the other catalyzes covalent histone modi-
the spliceosome, and 3 processing machinery.fications. The latter class targets primarily the N-terminal
Assembly of the RNAP II initiation complex is facili-histone tails and includes acetylation, phosphorylation,
tated by a large, multisubunit mediator complex thatmethylation, ubiquitination, and ADP-ribosylation (Va-
integrates signals from activators and interacts with the
quero et al., 2003). The existence of these modifications
unphosphorylated form of RNAP II. A functionally dis-
has been known for many years, but their functions are
tinct complex, known as PAF, was isolated based on
just beginning to be revealed. interaction with RNAP II and shown to be composed of
Recent advances have shown that covalent histone five subunits (Paf1, Rtf1, Cdc73, Leo1, and Ctr9) (Krogan
modifications play critical roles in epigenetic regulation. et al., 2002; Mueller and Jaehning, 2002; Squazzo et
Because of its chemical stability and the apparent ab- al., 2002). Although initially thought to be functionally
sence of demethylases, histone lysine methylation is related to the mediator, the PAF complex now appears
considered to be a key epigenetic regulator. Methylation to mediate steps downstream of initiation (Krogan et al.,
of specific histone lysines is required for the mainte- 2002; Pokholok et al., 2002; Squazzo et al., 2002). Herein
nance of large, functionally distinct chromatin domains, we review the evidence suggesting that PAF integrates
including heterochromatin, represented by methylation transcriptional regulatory signals and coordinates modi-
of histone H3 lysine 9 (H3-K9) (Lachner and Jenuwein, fications affecting chromatin.
2002). In this sense, histone lysine methylation appears The Interconnection Between PAF, CTD
to be a static event that underlies the formation and Phosphorylation and Elongation
maintenance of chromatin domains. High-resolution chromatin immunoprecipitation (ChIP)
It is presently unclear if histone lysine methylation can experiments revealed that Set1-mediated tri-methyla-
function within euchromatic regions in a more dynamic tion of H3-K4 is enriched at the 5 regions of transcribed
manner. Transcriptionally active euchromatin can be genes (Ng et al., 2003; Santos-Rosa et al., 2002). Set1
methylated at H3-K4, H3-K36, and H3-K79, whereas was found in a complex with the serine-5 phosphory-
transcriptionally repressed euchromatin can be methyl- lated form of RNAP II, which is associated with early
ated at H3-K27 and H4-K20, as well as H3-K9 (Vaquero transcribed regions of the DNA template. This led to
et al., 2003). Histone lysine methylation includes mono-, the discovery that Kin28, the serine-5 specific kinase of
di- and tri-methylation and these modifications can have TFIIH, is required for Set1 recruitment. In an effort to
identify factors that functionally interact with Set1,
global proteomic analysis identified subunits of the PAF*Correspondence: reinbedf@umdnj.edu
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complex (Krogan et al., 2003a). Further analysis estab- which is also a component of the cleavage-polyadenyla-
tion factor (CPF) that binds near the 3-end of nascentlished that the PAF complex directly recruits Set1 to
the transcriptional machinery by bridging the interaction mRNA to facilitate endonucleolytic cleavage and poly(A)
addition (Roguev et al., 2001). Moreover, Set1 itself hasbetween RNAP II and Set1. Therefore, serine-5 phos-
phorylation is important, though not sufficient, for Set1 an RNA recognition motif (Roguev et al., 2001). There-
fore, we hypothesize that Set1 binds to nascent RNArecruitment. The PAF complex together with serine-5
phosphorylated CTD is required for recruitment in vivo. as it emerges from RNAP II, perhaps freeing the PAF
complex to modulate downstream events. In this man-Given the role of serine-5 phosphorylation in the re-
cruitment of Set1, might serine-2 phosphorylation also ner, the Set1 complex might remain with the nascent
mRNA and participate in formation of the mature 3affect recruitment of histone methyltransferases? In-
deed, immunoprecipitation of Set2 defined interaction end. This idea is supported by other observations. First,
components of the 3-end processing machinery asso-with the serine-2 phosphorylated form of RNAP II (Kro-
gan et al., 2003b; Li et al., 2002, 2003; Xiao et al., 2003). ciate with RNAP II in the early stages of transcription
(Orphanides and Reinberg, 2002). Second, histoneIn this case the interaction appears to be direct between
Set2 and the phosphorylated CTD. This finding brings methyltransferase complexes that establish silencing
are tethered to chromatin by small RNA molecules (Jen-into play another CTD kinase, namely Ctk1, which phos-
phorylates serine-2 and is important for Set2 function uwein, 2002). This finding suggests a possible role for
H3-K4 methylation in orchestrating the recruitment of(Krogan et al., 2003b; Xiao et al., 2003). Again, the PAF
complex plays an important role (Krogan et al., 2003a, 3-end processing factors.
Methylation of H3-K362003b). Although Set2 interacts directly with RNAP II in
vitro, the functional interaction of Set2 with the elonga- As described above, independent studies have estab-
lished that the Set2 H3-K36 methyltransferase physicallytion complex in vivo requires both PAF and serine-2
phosphorylation (Krogan et al., 2003b). Accordingly, associates with RNAP II and that this interaction is regu-
lated by the PAF complex and Ctk1. Furthermore, H3-Ctk1-mediated serine-2 phosphorylation and Kin28-
mediated serine-5 phosphorylation recruit Set2 and K36 methylation occurs in mRNA coding regions and
deletion of set2 confers phenotypes consistent withSet1, respectively, and in both cases the PAF complex is
required. Whereas Set1-catalyzed H3-K4 tri-methylation elongation defects (Krogan et al., 2003b; Li et al., 2002,
2003). Additional genetic experiments identified Set2is enriched at the 5-coding region of genes (Ng et al.,
2003), Set2-catalyzed H3-K36 methylation occurs uni- interactions with other elongation factors, including
Chd1 and Soh1, as well as with PAF subunits (Kroganformly across the mRNA coding region (Krogan et al.,
2003b; Xiao et al., 2003). Two important concerns are et al., 2003b). Accordingly, Set2 is an RNAP II elongation
factor and H3-K36 methylation is likely to affect elon-whether Set2 catalyzes mono-, di- or tri-methylation of
H3-K36 and if Kin28-catalyzed serine-5 phosphorylation gation.
RNAP II is tightly regulated by various families of elon-might also regulate Set2 activity.
Tri-Methylation at H3-K4 gation factors. The coding regions of genes are often
interrupted by long, non-coding sequences (introns) thatMono-, di- and tri-methylation of histone lysine residues
appear to be catalyzed by specific enzymes with differ- are removed by pre-mRNA splicing. When RNAP II
reaches the end of the gene, the nascent RNA is cleavedent biological outcomes (Vaquero et al., 2003). For ex-
ample, human Set9 catalyzes mono-methylation of H3- and polyadenylated, and RNAP II terminates transcrip-
tion (Proudfoot et al., 2002). Pre-mRNA splicing is alsoK4, whereas yeast Set1 catalyzes di- and tri-methylation
of the same residue. H3-K4 dimethylation appears to coupled to transcription through interactions between
the splicing machinery and elongation factors, includingbe global, whereas H3-K4 tri-methylation is associated
with the early stages of transcription (Ng et al., 2003; RNAP II itself (Orphanides and Reinberg, 2002; Proud-
foot et al., 2002). An intact 5 CAP is required for efficientSantos-Rosa et al., 2002). Because lysine methylation
is stable, it is reasonable to suggest that the methylated splicing and polyadenylation. Furthermore, several re-
cent observations point to a functional interaction be-residue constitutes a “memory of transcription” and may
function in transcription reinitiation of the marked gene. tween initiation and 3 processing.
There are at least two key regulatory mechanisms thatHowever, as we discuss below, it is unlikely that these
transcription-specific “marks” are epigenetic. must occur during elongation. One is the organization
of the capping, splicing, and polyadenylation reactions,Here we speculate on the function of H3-K4 tri-methyl-
ation (Figure 1). It is likely that Set1-mediated tri-methyl- the other is maintenance of an “open chromatin” struc-
ture so that RNAP II can traverse nucleosomes (Figureation is involved in the regulation of initiation and pro-
moter clearance. This might occur by affecting the 1). We speculate that H3-K36 methylation participates
in both modes of regulation. It is possible that H3-K36recruitment of other transcription factors, as well as
modulating the activity of the capping complex and/ provides, directly or indirectly, a docking site for the
association of Ctk1, maintaining hyper-phosphorylationor other factors involved in pre-mRNA processing. Tri-
methylated histone H3 tails could serve, directly or indi- of the RNAP II CTD. In this way, the H3-K36 and CTD
modifications might allow recruitment of enzymes re-rectly, as docking sites for the various mRNA processing
complexes and their binding near initiation sites is likely quired for the splicing and polyadenylation reactions.
Most importantly, we speculate that methylation of H3-to promote efficient transcription.
There are two important clues regarding the role of K36 serves as a recognition mark for the chromodomain-
containing protein, Chd1, which, as stated above, hasSet1 in coordinating transcription and pre-mRNA 3-
processing. First, Set1 is associated with a multi-subunit properties of an elongation factor and appears to regu-
late termination (Alen et al., 2002; Krogan et al., 2003b;complex that contains the Swd2 (Cpf10/Cps35) protein,
Minireview
431
Figure 1. A Proposed Model for the Interplay
between CTD-Phosphorylation and Methyla-
tion of Histone H3-K4 and H3-K36
(A) This panel depicts an RNAP II transcrip-
tion initiation competent complex within
chromatin DNA. RNAP II, the GTFs (TBP, IIB,
IIE, IIF, IIH) and the mediator complex are
indicated. In this case, RNAP II contains an
unphosphorylated CTD that is engaged in inter-
actions with the transcription initiation factors.
The barrels upstream and downstream of the
transcription initiation complex depict nucleo-
somes that are dimethylated on H3-K4 and not
methylated at H3-K36.
(B) Soon after initiation, the PAF complex is
recruited and the Kin28 subunit of TFIIH
phosphorylates serine-5 of the CTD resulting
in disengagement from the promoter and re-
cruitment of the Set1 complex and the cap-
ping machinery. Recruitment of the Set1
complex tri-methylates H3-K4 of the sur-
rounding nucleosomes within the early tran-
scribed sequences. Capping of the nascent
transcript (95ppp5X) occurs as soon as the
5-end of the RNA becomes accessible; how-
ever, RNAP II pauses to allow time for 5 cap-
ping to occur as part of a transcriptional
“checkpoint” mechanism (see Orphanides
and Reinberg, 2002). At this checkpoint the
CTK1 kinase complex (or P-TEFb) is recruited
to the transcriptional apparatus resulting in
phosphorylation of serine-2 of the CTD.
(C) Serine-2 phosphorylation (and CAP addi-
tion) may trigger the translocation of the Set1
complex to the nascent RNA (potential inter-
action indicated by dotted line), freeing the
PAF complex to recruit the Set2 complex.
This would account for the observation that
only nucleosomes in the early transcribed region are tri-methylated at H3-K4 and is consistent with the dependence of Set1 on CTD serine-5
phosphorylation, which diminishes as RNAP II progresses downstream.
(D) Recruitment of the Set2 complex results in methylation of H3-K36 and the establishment of an elongation competent form of RNAP II.
Although the degree of H3-K36 methylation (mono-, di- or tri) is unknown, we depict di-methylation in the wake of RNAP II because the
antibodies used in the ChIP experiments were directed against a di-methylated H3-K36 peptide (Xiao et al., 2003). In contrast to Set1, Set2
remains associated with the elongating RNAP II to catalyze methylation of H3-K36 as the elongation complex encounters downstream
nucleosomes. Accordingly, all nucleosomes within the transcribed region would be methylated at H3-K36. Broken lines depict altered nucleo-
somes.
Simic et al., 2003). These activities are likely to be a enable the transcriptional machinery to bypass Set1 and
Set2?consequence of Chd1 mobilization of nucleosomes in
an energy-dependent manner. (3) As stated above, active euchromatic domains are
represented by methylation of H3-K4, -K36 and -K79.Perspectives on the Functions of Set1 and Set2
Several important points remain to be addressed re- K4 and K36 methylation is associated with transcription,
whereas K79 methylation, which occurs within the glob-garding the roles of Set1 and Set2 in transcription:
(1) The specificity of lysine methyltransferases might ular domain of H3, appears not to be directly coupled
to transcription, but instead restricts the expansion ofnot be restricted to histones. It remains an open question
whether Set1 and Set2 can also methylate other pro- silent chromatin (Khan and Hampsey, 2002). In this
sense, all three modifications are associated with main-teins, including transcription or RNA processing factors
and thereby regulate their activities. taining open chromatin. Interestingly, H3-K79 methyla-
tion is also regulated by the PAF complex (Krogan et(2) The SET1 and SET2 genes are not essential for
cell viability. Does this mean that the steps catalyzed al., 2003a). Does the PAF complex, perhaps through
its roles in transcription elongation, also regulate moreby these enzymes during transcription are not impor-
tant? We argue against this notion and speculate that general aspects of chromatin structure?
(4) Methylation of specific histone lysine residues ispromoter clearance and elongation are highly regulated
steps that have evolved “back-up” mechanisms. Indeed, stable and represents an important epigenetic mark.
Are tri-methylation at H3-K4 and methylation at H3-K36most of the genes encoding factors that affect elonga-
tion rates are not essential, whereas genes encoding marks that are transmitted to daughter cells? Tri-methyl-
ation of H3-K4 was suggested to “provide a localizedelongation factors that allow RNAP II to traverse nucleo-
somes, including Spt16, Pob3, Spt5 and Spt6, are es- mark and molecular memory of recent transcriptional
activity” (Ng et al., 2003). However, the authors observedsential. What then are the factors and activities that
Cell
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Wang, A., Kurdistani, S.K., and Grunstein, M. (2002). Science 298,that methylation of H3-K4 is diluted after approximately
1412–1414.five hours, implying that this is not an epigenetic mark
Xiao, T., Hall, H., Kizer, K.O., Shibata, Y., Hall, M.C., Borchers, C.H.,that is transmitted to subsequent generations. Indeed,
and Strahl, B.D. (2003). Genes Dev. 17, 654–663.it is currently unknown whether heritable states of gene
expression in S. cerevisiae are dependent upon histone
methylation since the epigenetic marks that are trans-
mitted to subsequent generations in S. pombe (H3-K9)
and higher eukaryotes (H3-K9, H3-K27, H4-K20) are ab-
sent in S. cerevisiae.
(5) Functional genetic interactions have been identi-
fied between Set2 and components of the Set3 complex
(Krogan et al., 2003b). Although no histone methyltrans-
ferase activity has been demonstrated for Set3, this
complex includes two histone deacetylases, Hos2 and
Hst1. Hos2, as well as Set3, were recently shown to be
involved in gene activation (Wang et al., 2002). We would
like to speculate that the Set3 complex regulates Set1
and Set2 activities, directly or indirectly, by deacetylat-
ing specific histone acetyllysine residues, thereby pro-
viding substrates for subsequent Set1 and Set2 activi-
ties. It will be interesting to see if future work determines
this to be the case or not.
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